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Abstract 
The propagation of stage I-cracks is simulated in a mill-annealed microstructure of forged Ti6Al4V, consisting of primary alpha
grains and lamellar alpha/beta colonies. The crack growth mechanisms are investigated experimentally by means of fatigue tests 
yielding the following results: Within primary alpha grains cracks usually grow on the basal plane or a prismatic plane. In the
lamellar colonies crack propagation often occurs parallel to the orientation of the lamellae. The misorientation between active
slip bands in neighbouring grains is measured by electron backscatter diffraction. These findings have been implemented into a 
two-dimensional, mechanism-based short-crack model, which describes crack propagation as a partially irreversible dislocation 
glide on a crystallographic slip plane. The model is solved numerically using dislocation dipole boundary elements. The non-
uniform propagation kinetics of short cracks is considered by defining grain boundaries as obstacles to plastic slip and crack 
propagation. The described model is used to simulate crack propagation in virtual microstructures, which are based on Voronoi-
diagrams. Statistical parameters such as grain size and volume fraction can be adjusted to agree with the real microstructure. 
Keywords: short crack propagation, stage I, virtual microstructure, boundary element method 
1. Introduction 
In aeronautical applications titanium alloys are often used for highly stressed components due to their high 
specific strength in order to fulfill the requirements in lightweight design. Furthermore, titanium alloy with different 
types of microstructures can be obtained depending on the thermo-mechanical processing route. Changing the 
microstructure directly affects the mechanical properties so that it can be optimized to a high crack growth 
resistance or to maximum high cycle fatigue strength. In the high cycle fatigue regime, the total lifetime of a 
component is dominated by the phase of crack initiation and short crack growth, while the following long crack 
growth only covers a small fraction of the lifetime. Thus, it is essential for a lifetime prediction model based on 
crack propagation to describe the stage of short crack growth correctly. 
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Nomenclature 
a half crack length 
aleft, aright projected crack length of left and right half
da/dN crack propagation rate 
bt, bn displacement vector components in t-n-coordinate system 
c slip band length 
C material-specific constant in crack propagation law 
CTOD crack tip opening displacement 
CTSD crack tip slide displacement 
'CTSD range of crack tip slide displacement 
Gij influence function 
i, j index 
m exponent in crack propagation law 
S Schmid factor 
n, t local coordinates, normal and tangential to crack 
N number of cycles 
p number of elements in the crack  
q number of elements on the grain boundary 
r number of elements in the plastic zone 
imV  von Mises stress 
fi
nnV external normal stress on element i
iV nn resolved normal stress on element i
yV  yield stress 
bW microstructural yield stress 
i
tnW resolved shear stress on element i
fiW tn external shear stress on element i
In polished test specimens cracks often initiate trans- or intercrystalline after a relatively low number of cycles at 
locations in the microstructure subject to elevated stress. This stress increase can be caused by stress raisers such as 
inclusions or the elastic anisotropy of the crystals. The following stage I-crack propagation is strongly influenced by 
microstructural features. Transcrystalline crack growth occurs on single slip bands and is controlled by the resolved 
shear stress on the respective slip plane [1]. Thus, under push-pull loading crack planes are usually inclined about 
45° to the direction of loading. Furthermore, a second mechanism is intercrystalline crack growth on grain 
boundaries. As the crystal orientation changes between neighboring grains, stage I-cracks are characterized by a zig-
zag-shaped crack path. After crossing several grains additional slip bands are activated at the crack tip and the 
effects of microstructural features on the crack propagation decrease. The crack continues to grow in stage II and the 
direction changes into a plane normal to the applied load. 
Until now, several models for stage I-cracks have been presented, which consider the abnormal propagation 
behaviour of short cracks described above. Very promising one-dimensional analytical models for stage I-crack 
growth have been developed by Taira [2] and Navarro and de los Rios [3]. These models account for the barrier 
effect of grain and phase boundaries by blocking the extension of the plastic zone at the next grain boundary. Only if 
the stress on a dislocation source behind the grain boundary reaches a critical value, slip is transferred over the 
barrier resulting in an increased crack propagation rate. In order to take real microstructures with arbitrary grain 
shapes and orientations into account the analytical approaches have been extended to a two-dimensional model, 
which has been applied successfully to simulate crack growth in a duplex stainless steel [4,5]. The resulting 
boundary value problem is solved numerically by means of a discretisation with dislocation dipole boundary 
elements. This model is taken as the basis for the simulation of short crack growth in forged Ti6Al4V. Below, the 
experimental results of fatigue tests are presented. 
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2. Stage I-crack growth in forged Ti6Al4V 
The model is based on experimental investigations on the titanium alloy Ti6Al4V with a mill-annealed 
microstructure, which is obtained by an annealing treatment after the forging process (Fig. 1) [6]. It has a primary 
alpha volume fraction of 70.9%, the mean diameter of the Dp-grains and the lamellar colonies is 9.9µm and 6.8µm, 
respectively.
Fig. 1: Forged Ti6Al4V with mill-annealed microstructure. 
During fatigue testing, two types of crack initiation sites were observed. Firstly, crack initiation is observed at the 
interface between two lamellae. But because of the Burgers relation between alpha and beta phase during phase 
transformation, this interface plane is parallel to one prismatic plane in the hcp-crystal of the alpha phase, which is a 
possible slip system [7]. Secondly, cracks are found to initiate on slip bands inside of primary alpha grains.  
Once initiated, different growth mechanisms were found for the short crack propagation in stage I. Inside of 
primary alpha grains or single lamellae, the crack grows on slip bands. By means of EBSD-measurements the cracks 
are identified to be either on the basal plane ore the prismatic plane. The active slip bands are favorably orientated 
slip systems characterized by a high Schmid factor S. An example of such a crack is shown in Fig. 2a; the crack 
starts to grow on the basal plane with a Schmid factor of S = 0.43. After crossing a grain boundary the crack is 
slightly deflected and propagates on a prismatic plane, once again characterized by a high Schmid factor S = 0.46. 
Thus, the crack propagation rate is controlled by crack tip slide displacement CTSD. The grain boundaries act as 
obstacles to crack propagation, as they prevent a transmission of slip into the neighboring grain. This yields a 
dislocation pile up in front of the barrier resulting in a decreased crack growth rate. If the boundary is broken, the 
stress intensity will be relieved by slip in the next grain and the crack propagation rate will increase again, resulting 
in an oscillating crack growth rate. In addition to that, crack growth is also found on grain boundaries, as can be seen 
at the right crack tip in Fig. 2a. Here, the crack path is in a plane perpendicular to the applied load so that the normal 
stress, which causes a crack opening, seems to be responsible for crack propagation.  
The crack in Fig. 2b grows on the interface between two lamellae. As this plane is equal to a prismatic plane with 
a Schmid factor of S = 0.49 the crack growth mechanism can be explained by slip as well. However, cracks were 
also found between two lamellae oriented normal to the applied load, where the Schmid factor on the respective 
prismatic plane is small. 
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Fig. 2: (a) Stage I-crack in primary alpha on slip plane and (b) crack growth on lamellae interface . 
3. Short crack model 
The two-dimensional short crack model considers the crack and the plastic zone as yield strips. In the cracked 
area an opening and a tangential displacement of the crack flanks is possible. In the plastic zone in front of the crack 
tip a differentiation between two cases is made, which results in different crack growth mechanisms. In the first case 
the crack propagates on a slip band and plastic slip occurs on this slip plane, if the resolved shear stress W reaches the 
critical value for dislocation motion W b. In the second case the crack grows on a grain boundary, which does not 
represent a slip system of the crystal. Therefore, the only way to reduce the stress intensity in front of the crack tip is 
a plastic deformation inside the neighboring grains leading to a crack tip opening displacement. As the crystals at 
each side of the grain boundary have different orientations, in general it is likely that more than one slip system is 
activated in each grain in order to ensure a compatible plastic deformation (Fig. 3a). In the model this plastic 
deformation is projected onto the yield strip on the grain boundary where both a tangential and a normal relative 
displacement is possible. As the plastic deformation occurs on multiple slip systems in the neighboring grains, the 
von Mises stress V m is used as the criterion for plastic deformation (Fig. 3b). 
Fig. 3: Crack on grain boundary: a) plastic zone around the crack tip and b) yield strip model of the plastic zone. 
As grain boundaries act as obstacles to plastic deformation, the extension of the plastic zone is blocked by the 
next grain boundary. Thus, the crack propagation rate, which is controlled by the plastic deformation at the crack tip, 
decreases. Only if a critical stress intensity is reached on a dislocation source beyond the barrier in the neighbouring 
grain, the respective slip band is activated and the plastic zone extends into the new grain. The dislocation pile up in 
front of the grain boundary is released resulting in a significant increase of the crack tip slide displacement and the 
crack propagation rate. This mechanism yields an oscillating crack growth rate that is characteristic of 
microstructurally short fatigue cracks.  
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The crack problem is solved numerically by means of a discretisation with dislocation dipole boundary elements. 
Such a dipole element consists of a negative and a positive dislocation and represents a constant relative 
displacement over the element. Within a crack element two dipoles with a Burgers vector normal and tangential to 
the crack are combined to allow for an opening and a tangential displacement. On a slip band only a slide 
deformation is possible, so the respective boundary elements only consist of a dipole representing a tangential 
displacement. The grain boundary elements are identical to the crack elements as they also allow for a normal and a 
tangential displacement. To monitor the stress state behind the grain boundary sensor elements with a constant 
length are positioned at the intersection point between active slip band and grain boundary. The sensor orientations 
match those of possible slip planes so that it is possible to calculate, in which direction a slip band is activated. 
Fig. 4: Stage I-crack model with boundary element discretisation. 
Two arbitrary elements are connected to each other by an influence function Gij, which describes the stress in an 
element i due to a displacement in an element j. Gij is derived from the analytical solution of the stress field around a 
dislocation in an infinite plate [8]. The total stress  and  is obtained by summation over all elements plus the 
external normal and shear stress  and :
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Here, p is the number of crack elements and q and r are the number of plastic zone elements on a grain boundary 
and a slip band, respectively. Roughness induced crack closure is considered by preventing a penetration of the 
crack flanks (Eq. 6). The crack propagation on a slip band is calculated from the range of the crack tip slide 
displacement 'CTSD by a power law function (Eq. 7), which is analog to the model of [3]. A physical explanation 
for the mechanism of crack propagation is given in [9]. During the loading and the unloading cycle dislocations of 
opposite sign are created in a dislocation source in front of the crack tip and move towards the crack. Thus, 
vacancies are generated, which lead to a crack advance. For crack propagation on a grain boundary the crack growth 
is related to the crack tip opening displacement 'CTOD.
CTSDm
CTSD CTSDCdN
da ' (7) 
CTODm
CTOD CTODCdN
da ' (8) 
The constants CCTSD, CCTOD are material-specific and mCTSD , mCTOD are exponents usually very close to one. The 
cyclic yield stress V y = 725MPa has been determined experimentally from a cyclic stress-strain curve and the 
microstructural yield stress of W b = 112.5MPa is derived using the analytical approach of [3]. 
4. Virtual microstructures 
The simulation model can be used for a virtual optimization of the microstructure for maximum high-cycle-
fatigue strength. The aim is to carry out crack growth simulations in virtual microstructures with different properties 
to find out, how the stage I-crack growth resistance can be improved. Therefore, an algorithm for the generation of 
virtual microstructures has been developed, which is based on the Voronoi technique. Initially, such a Voronoi 
diagram has a normal distribution of the grain diameter and is single-phased. By assigning different phases to 
individual grains, a microstructure consisting of primary alpha grains and colonies of alpha lamellae is created. 
Furthermore, the average grain size and grain size distribution is modified by dividing selected grains.  
In a first step a virtual microstructure has been generated, which represents the real microstructure shown in 
Fig. 1. The virtual microstructure is shown in Fig. 5 and has a primary alpha volume fraction of 70.5%, compared to 
70.9% of the real one. A good agreement is found in the mean diameter of the Dp-grains and lamellar grains, which 
are 10.0µm and 6.8µm for the virtual and 9.9µm and 6.8µm for the real microstructure. Even the grain size 
distribution shows a reasonably good agreement, as can bee seen in Fig. 6 and 7. Here, especially the large grains 
with a large effective slip length are important, as they are preferred sites for crack initiation. 
Figure 5: Virtual microstructure of forged Ti6Al4V. 
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Figure 6: Grain size distribution of Dp-grains in (a) real and (b) virtual microstructure. 
Figure 7: Grain size distribution of lamellar colonies in (a) real and (b) virtual microstructure. 
The slip systems in the model are chosen based on the experimental observations during the fatigue tests. As 
cracks were found both on the basal plane and on prismatic planes in Dp-grains, the respective systems are 
considered in the model. It would be also possible to allow pyramidal slip, but no crack has been found on these 
planes so far. In reality a lamellar colony consists of parallel alpha plates in a beta matrix and the orientation relation 
between both phases is defined as the Burgers relationship. Thus, there are two parallel slip systems in both phases, 
(110)[11 1]E || (0002)[11 2 0]D and (1 12)[111]E || (1100)[11 2 0]D, and two have only a small misorientation, 
(110)[11 2]E || (0002)[1 2 10]D and (11 2)[1 11]E || (101 0)[1 2 10]D [7]. This means that slip can be easily transferred 
over the interface between alpha plate and beta matrix so that the effective slip length is equal to the colony 
diameter. As the effective slip length is the crucial parameter for crack initiation and crack growth, a lamellar colony 
is modeled as one grain in the virtual microstructure without resolving each single lamella. Nevertheless, only the 
slip systems mentioned above, which stretch over the whole colony, are used in the short crack model.  
5.  Simulation results 
First, the model is verified by comparing simulation results to real fatigue crack propagation behavior. For this 
purpose the geometry of the crack shown in Fig. 8b is given as an input into the simulation model. Then, the 
simulation is started from the initial crack length until the crack tip reaches the end of the slip band. In Fig. 8a the 
projected crack length of the left and the right half is plotted over the number of cycles. It can be seen that the crack 
propagates fast on the left hand side on a slip band favorably oriented for slip. However, when the crack tip 
approaches the grain boundary the propagation rate decreases. On the right hand side the crack grows significantly 
slower on a grain boundary. The comparison of simulation and experimental data shows satisfying agreement. 
Finally, a crack growth simulation is carried out in a virtual microstructure (Fig. 9). The simulation is started with 
an initial crack on a slip band in an Dp-grain. Then the crack grows autonomously through the microstructure. On the 
left hand side the crack propagates on a slip band, whereas intercrystalline crack growth on grain boundaries occurs 
on the right hand side. 
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Fig. 8: (a) Comparison between simulation and experimentally observed fatigue crack and (b) crack geometry. 
Fig. 9: Crack growth simulation through several grains in virtual microstructure. 
6.  Conclusions 
In this paper, a two-dimensional model for the simulation of stage I-crack growth is presented. The model is 
based on experimental investigation on Ti6Al4V and reproduces the growth mechanisms, which have been observed 
on real fatigue cracks. It allows for both transcrystalline crack propagation on individual slip bands and 
intercrystalline crack growth along grain boundaries. Grain boundaries are considered as obstacles to crack 
propagation and prevent an extension of the plastic zone until a critical stress intensity is reached to activate a slip 
system in the next grain. For the purpose of lifetime predictions and microstructure optimization, virtual 
microstructures have been developed, which coincide well with the real microstructure. By means of crack 
simulations in these microstructures, the effect of different parameters, such as grain size, on the short crack growth 
resistance can be studied. 
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